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River floodplains provide a large number of ecosystem services (ESSs) for human
societies. However, human manipulations of rivers and floodplains have led to the loss
of many ESSs, including the provision of habitats for typical floodplain flora and fauna.
To quantify such losses, we present a new index, which incorporates the functional and
structural quality of riverine and alluvial habitats and their communities. The assessment
is based on publicly available biotic and abiotic data at a local scale (e.g., habitat type
mapping, species data). The new evaluation method consists of three steps: First, an
evaluation at habitat type level is done by using well-established assessment criteria
(e.g., groundwater dependence, legal protection status, regenerability). Secondly, the
individual habitats are assessed based on specific quality characteristics (e.g., presence
of protected birds or backwater influence). Finally, these values are aggregated within
1-km floodplain compartments weighted by their spatial expansion. The index uses a
five-step value to describe the importance of a floodplain area for typical species and
habitats from “very high” (=5) to “very low” (=1). The aim of this “habitat provision index” is
to provide a tool for planners and decision makers to compare and analyze the effects of
past or future measures. The methodical approach is tested for two rivers: the Nahe and
the Rhine. The performance of the index is analyzed by comparing the current conditions
(status quo) against two different scenarios. The index is validated and shown to be
sensitive to different water management scenarios (river restoration and technical polder
scenario for flood risk enhancement), with both scenarios showing an improvement in
the habitat provision value.
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INTRODUCTION
Floodplains and their rivers offer an enormous variety of
habitats (aquatic, semi-aquatic, and terrestrial) and are hotspots
of biodiversity (Ward et al., 1999; Robinson et al., 2002;
Hughes et al., 2005; Scholz et al., 2005). The spatio-temporal
variability of surface and groundwater hydrology, microclimate,
geomorphology, and soil determine the allocation of habitats
within river–floodplain systems. These characteristics, in
combination with inter- and intraspecific competition, result in
a distinctive biodiversity. This diversity is closely linked to the
floodplain hydrodynamics that determine morphology and water
conditions and maintain a highly variable mosaic of habitats
from open soil to hardwood forest.
Riverine landscapes provide a wide range of services
contributing to human well-being, including the supply of
groundwater for drinking and farming, fertile soils for agriculture
and forestry, and cultural values. At the same time, rivers
and their floodplains have historically been subject to various
anthropogenic uses such as navigation and hydropower. For
this purpose, rivers in Europe have been extensively channelized
and/or impounded, and floodplains are often separated from
their rivers by the construction of dykes (Nilsson et al., 2005; Hein
et al., 2016). Only 30% of the original floodplains in Germany are
still frequently flooded (active floodplain), whereas the others are
separated by dykes so that they are no longer flooded (former
floodplain) (Brunotte et al., 2009). Impaired river–floodplain
corridors are unlikely to provide the same range of functions and
services as intact ones (Ward et al., 1999; Kaat and Josten, 2008;
Brunotte et al., 2009).
The alarming state of German floodplains (BMU and BfN,
2009) underlines the need for an innovative water resource
management integrating the needs of many sectors (flood
protection, agriculture, water management/provision, nature
conservation, tourism). In this context, the strategic plan
of the Convention on Biological Diversity (CBD) refers to
the ecosystem service (ESS) concept, which is considered to
support the preservation of biodiversity (CBD, 2010). The ESS
concept is an increasingly accepted tool in sustainable and
integrative resource management as it enables the analysis of
complex relationships between ecosystems and human usage.
ESSs describe the benefits people obtain from ecosystems (MA,
2005) and thus represent the link between natural and the socio-
economic systems (De Groot et al., 2010; Sukhdev et al., 2010).
Habitat provision is an important ESS in rivers and floodplains
(Podschun et al., 2018), an indicator of the integrity of the whole
ecosystem and therefore the basis for other ESSs (Burkhard et al.,
2012). It is also an approved aim of human society, as different
legal regulations (e.g., Natura2000) protect natural assets and
express the social appreciation and interest in their benefits.
Habitat provision covers the functional and structural quality of
habitats and their communities as a basis for multiple human
uses. In this case, habitats provide a diversity of communities
typical for rivers and floodplains both of natural and of cultural
landscapes. The “River Ecosystem Service Index” (RESI) project
aimed to provide a basis for cross-sectoral decision making and
therefore covers a wide range of ESSs relevant to rivers and
floodplains (Pusch, 2016; Podschun et al., 2018) including the
assessment of habitat provision. In the project RESI provisioning,
regulating and cultural ESSs are assessed using an integrated
approach, wherein all services are scaled on a five-point scale
from 1 (very low) to 5 (very high). The spatial reference
for all ESS assessments in the RESI project are 1-km river–
floodplain segments, which can be separated into river, active
floodplain, and former floodplain components (Brunotte et al.,
2009). Evaluation of the ESS in this study is based on existing,
publicly available data.
Most evaluations of biological and/or habitat conditions have
focused on the rivers themselves, with only very few developed
specifically for the characterization of floodplains or riparian
habitats (Foeckler et al., 1991, 2006; Dziock et al., 2006a,b; Ilg
et al., 2008; Gerisch et al., 2012; Eamus et al., 2016). Indices for
riparian assessment often focus on one indicator group, ignoring
other important parts of the ecosystem [e.g., based only on
vegetation (Kleynhans et al., 2007; Aguiar et al., 2009; Magdaleno
and Martínez, 2014) or fauna (Chovanec et al., 2015; Funk et al.,
2017)], whereas others do not include biotic data at all (Hall
et al., 2002). Most of these studies work with very detailed data
collected during field measurements of limited spatial extent
(Raven et al., 1998; Munné et al., 2003; González Del Tánago and
García De Jalón, 2011). This makes evaluation of the ESS habitat
provision on a larger scale, for example, along stretches of several
kilometers of riparian zone, very laborious or not practical. Here,
we present a habitat provision index using habitats as indicators,
based on existing nature conservation and abiotic data at a local
scale, mainly habitat mapping data.
Habitat mapping (“Biotoptypenkartierung”) for landscape
planning and nature conservation has been well established
in Germany since the 1970s and is common in many other
European countries (Weiers et al., 2004; Lengyel et al., 2008).
However, the German federal states and other countries use
slightly different methods, contents, and constraints of surveys.
The quality of habitat mapping therefore varies widely, and
homogenization and simplification of these habitat types is
essential to allow a nationwide or even international evaluation
of habitat functions. In the context of the implementation of the
European habitats directive, the Corine land cover, and European
Nature Information System (EUNIS) habitat type classification
(Davies et al., 2004), a lot of further harmonization in the
typology across Europe has been done.
The aim of this study was to develop a simple method to
evaluate habitat provision in floodplains that (1) represents the
value and importance of the ecological status in terms of its
typical biodiversity, (2) reveals five levels and an area-wide
evaluation on the scale of 1-km segments, (3) is based on
publicly available data in the German Federal states (habitat
data), and (4) is sensitive to management scenarios and therefore
suitable to support decision making processes for conservation
and water management. Therefore, the index was validated,
firstly by investigating the performance and correlations of
the individual criteria, secondly by comparing the results with
available proxies of nature conservation values, and finally
by testing its sensitivity to scenarios such as restoration and
polders for the rivers Nahe and Rhine. While we demonstrate
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the development of the index for Central European rivers, the
method is transferrable to other biogeographical regions with
similar data availability.
MATERIALS AND METHODS
Description of the Habitat Provision Index
The method is based on three consecutive steps. First,
the general habitat type level is assessed, then the
specific habitat level, and finally the compartment
level (Figure 1).
Habitat Type Level
In the first step (Figure 1, green part), all occurring habitat types
are assigned to a habitat type value, expressing their value for the
study area. Habitat types are being used in order to incorporate
abiotic and biotic characteristics and conditions including land
use impacts (Ssymank et al., 1993; Wiegleb et al., 2002). Due
to the variety of habitat mapping standards in Germany, the
standardized hierarchical habitat type list for Germany (Finck
et al., 2017) was separated into nine habitat type categories
that occur in floodplains. All mapping units in the distinct
study area were assigned to these categories. These were water
bodies, grasslands, riverbank vegetation, sedge swamps and reed
beds on floodplains, shrubs, forest, rocks and other ruderal
habitats, arable land, and settlements. They were further divided
into habitat type groups (e.g., alluvial forest) and habitat type
subgroups (e.g., hardwood forest; Supplemental Table 1).
For each habitat type category, group, and subgroup, a
specific “habitat type value” was determined, based on six
criteria according to German and European legal obligations
or specific floodplain requirements (Table 1): Groundwater
dependence (GD), Red List-status Germany (RLG), “Fauna-
Flora-Habitat” (FFH), legal protection status (LP), regenerability
(RE, regeneration by natural succession or restoration), and
floodplain specific habitats (FS). Each habitat type was assigned
the value 1 (very low), 3 (medium), or 5 (very high) for each
of the six criteria (Table 1), resulting in means between 1 and
5 (see all values for the single criteria and of each habitat type
in Supplemental Table 1). The categories and values of the first
five criteria were based on the nationwide framework of Finck
et al. (2017), which has been successfully applied to nature
conservation in recent years. RLG, FFH, and LP are common
evaluation criteria in nature conservation, and GD and RE have
been shown to be particularly important in floodplains (Rood
et al., 2005; Boulton and Hancock, 2006; Shang and Mao, 2010;
Eamus et al., 2016; Finck et al., 2017; Ahlmer et al., 2018).
In addition, the floodplain-specific value was based on expert
knowledge to incorporate special requirements of floodplain
ecosystems not fully represented by the other five criteria. The
main aspect for this criterion was the dependence on landscape
features and floodplain functions (all processes and structures
specific to floodplains; Breunig et al., 2000, unpublished). The
degree of dependence of habitat types on these processes and
structures defines whether a habitat is an exclusive, medium, or
no floodplain habitat (Table 2).
The habitat type value (HTV) is calculated as follows:
HTV =
1
n
n∑
i=1
GDi+RLGi + FFHi + LPi + REi + FSi (1)
where n is the number of criteria. As a result, for example, soft- or
hardwood alluvial forests have a high habitat type value because
of their importance in floodplains, whereas settlement areas have
low habitat type values (Supplemental Table 1). These habitat
type values provide the basis for the assessment on habitat level.
Habitat Level
The second step (Figure 1, blue part) integrates not only the
general habitat type but also site-specific characteristics and
detailed information of individual habitats. The assessment is
based on abiotic [only for exclusive or medium floodplain habitat
types (FS= 3 or 5)] and biotic (all habitat types) parameters able
to increase or decrease the general habitat type value. Abiotic
parameters are flooding regime (FR) and backwater influence
(BI). Biotic parameters are conservation status of habitat types
(CSHab) and characteristic species (CS; additional faunistic and
floristic information). All these parameters are described in the
following sections and combined in the algorithm:
HV = HTVi + CSHab + FR+ BI+ CS (2)
where HV is the habitat value. At this level, either an increase or
a decrease of the habitat type value (HTV) of the first step can be
added to the habitat type value (of max. +2/−2.25) calculated in
the first step.
Altered flooding regime (FR)
The most important ecological factor in floodplains is the
flooding regime. Any alteration of it affects floodplain habitats,
so it must be considered in a habitat provision index. The
flooding regime ranges from unaltered in morphologically intact
river landscapes to total exclusion in former floodplains isolated
by dykes. Between these extremes, a large range of altered
regimes occurs. These are caused by man-made structures,
ranging from elevated bank fixations and summer dykes to
impoundments such as detention basins (polder). The flooding
regime parameter (FR) accounts for manipulation of flooding
intensity. Any alteration to flooding frequency receives a penalty
of −1 (FF = former floodplain), which can be decreased when
flooding is not completely prevented, e.g., by adaptive artificial
flooding for ecological purpose (so-called “ecological flooding”)
in former floodplains or by summer dykes that retain small floods
only. Polder areas without ecological flooding received a polder
penalty of−0.25, because the extremely rare flooding might have
strong effects on the flora and fauna in the polder area as they
are not adapted to aquatic conditions. These measures result
in a more natural flooding regime and were assessed by the
bonus/penalty “flood.”
FR = FF+ flood (3)
If data on local flooding conditions are unavailable, plausible
estimations can be used instead.
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FIGURE 1 | Flow diagram of the assessment method of the habitat provision index. The method is based on three consecutive steps: the first on the general habitat
type level on the base of six criteria, the second on the specific habitat level with several bonus points and penalties, and the last on the compartment level as
aggregation on definite areas. 1) Penalty/bonus only for exclusive or medium floodplain habitat types [FS (floodplain specific habitats) = 3 or 5]. 2) Summer dykes or
other areas protected by dams, flooding areas with controlled inflow structures or inflow swells, controlled polders. 3) Only for habitat types with FS = 5 (exclusive
floodplain habitats).
Backwater influence (BI)
Man-made weirs strongly alter the natural hydrodynamics of
river stretches, severely impacting the ESS of habitat provision
(e.g., changes within the macrozoobenthos/mollusc fauna within
the dammed sectors) (Banning, 1998; Foeckler et al., 2000, 2017).
In the habitat provision index, this fact is taken into account
by deducting an impoundment penalty. Since the upstream
influence of impoundments declines with increasing distance
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TABLE 1 | Values and categories of the criteria (groundwater dependence (GD), Red List status Germany (RLG), “Fauna-Flora-Habitat” (FFH), legal protection status (LP),
and regenerability (RE, regeneration by natural succession or restoration) used to evaluate the habitat type level.
Value Groundwater
dependency (GD)
Red List status
Germany (RLG)
Flora-Fauna-Habitat
(FFH)
Legal protection
status (LP)
Regenerability (RE)
1 Independent Not endangered Not FFH-habitat type Not protected Limited
3 Depending on certain
characteristics
Endangered/
Affected
Depending on certain
characteristics
Depending on certain
characteristics
Very limited
5 Dependent Strongly endangered to
destroyed
FFH-habitat type Protected by law Minimal or none
TABLE 2 | Categories and associated values of the floodplain specific habitat value (based on Breunig et al., 2000, unpublished).
Categories Value Description
Exclusive floodplain characteristic
(habitats exclusively in floodplains)
5 Habitat types exclusively or at least with a main distribution in river and floodplains with natural to near-natural
hydro- and morphodynamics. Reliant on periodic flooding and low water conditions (obligate habitats, intact
floodplain function), e.g., soft and hardwood forest as well as oxbow and oxbow lakes
Medium floodplain characteristic
(habitats mainly in floodplains)
3 Habitat types that are regularly and characteristically found in rivers and floodplains, but can also occur outside of
floodplains in similar wetlands (no distribution focus in floodplains, facultative habitats, and conditional floodplain
function), e.g., reed beds
No floodplain characteristic (habitats
not necessarily in floodplains)
1 Habitat types with a main distribution outside rivers and floodplains and without adaptation to floodplain dynamics
(severe constraint, prevention or complete loss of alluvial functions with their typical, adapted fauna and flora),
e.g., arable land, rocks, and orchard stock
TABLE 3 | Determination of the backwater penalty based on the distance of the
compartment to the impoundment’s embankment (A, B, and C) and its situation
within the morphological floodplain (active and former floodplain).
Site Backwater penalty*
Active
floodplain
Former
floodplain
A—First third of the flow length in the
backwater area
−1 −0.50
B—Second third of the flow length in
the backwater area
−0.50 −0.25
C—Last third of the flow length in the
backwater area
−0.25 0
*Used only for exclusive or medium floodplain habitat types (FS = 3 or 5).
from the weir (A= near weir to C= away fromweir), the penalty
is assigned based on the compartment’s position in relation to
the downstream weir by dividing the total backwater stretch into
three equal parts (Table 3). The effect of impoundment is lower
in former floodplains that are already downgraded by the penalty
“flooding regime.”
Conservation status of habitat types (CSHab)
The legally mandated monitoring of specific protected habitat
types (listed in the annex of the European habitats directive)
regularly offers additional data. The three classes for the local
conservation status in Germany are as follows: A (excellent),
B (good), and C (medium to bad) (Wippel et al., 2013). These
classes can be translated into bonus or penalty weightings where
such information is available (Table 4).
TABLE 4 | Assignment of conservation status of habitat type (CSHab) classes (A,
excellent; B, good; C, medium to bad) to bonus/penalty for the RESI habitat types.
Classes CSHab
A +1
B 0
C −0.5
Characteristic species (CS)
Fauna and flora can provide valuable additional information
on the condition of floodplain habitats, because they are good
indicators for seasonal inundation and variable water levels in
floodplains (Dziock et al., 2006a; Follner and Henle, 2006; Scholz
et al., 2009). If data are available for the whole area, they can
be included in the evaluation as a bonus, improving the validity
of the index if characteristic species are present. Suitable data
types are, for example, occurrences of species relevant to nature
conservation or protected grassland bird sites. If no such data
are available, this parameter can be skipped. For an informative
evaluation, the validation boundaries should be adapted to the
respective river or floodplain section. This option can only be
used in a limited matter, because the habitat provision index is
limited to five classes. Therefore, a maximum of + 1 is possible,
regardless of the number of characteristic species groups.
Compartment Level
The third and final step (Figure 1, orange part) in calculating
the habitat provision index is done at the “compartment” level
for each individual assessment unit (using automated GIS-
based routine), so that active and former floodplains can be
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TABLE 5 | Translation of the calculated habitat provision values into the classes.
HPI ≥4.5 <4.5–≥3.5 <3.5–≥2.5 <2.5–≥1.5 <1.5
Class 5 4 3 2 1
Qualitative
Assessment
Very high
importance
for habitat
provision
High
importance
for habitat
provision
Moderate
importance
for habitat
provision
Low
importance
for habitat
provision
Very low
importance
for habitat
provision
The colors represent the colors used in Figures 3, 4.
differentiated within the 1-km floodplain segments:
HPI =
∑n
i=1 (HVi × Ai)∑n
i=1 Ai
+MI (4)
where HPI is the habitat provision index. The results obtained
in the second step are area (A) weighted and aggregated on
the compartment level. This final step evaluates not only the
single habitats but also the typical composition within natural
floodplains. An additional moisture integrity (MI) bonus can
be assigned.
Moisture integrity (MI)
Due to the intense hydrological and morphological dynamics in
intact floodplains, a large moisture gradient runs from mostly
inundated habitats to very dry habitats (for example, on highly
elevated sand or gravel banks). This is valuable information in
addition to the simple presence of the single habitats because
this gradient results in very high biodiversity and provides high
habitat quality (Ward et al., 1999). The moisture integrity (i.e.,
the completeness of all possible moisture types from very wet to
very dry) is essential, in addition to the estimation of the unique
habitats, for the evaluation of the whole floodplain.
The habitats typical for floodplains were classified by
expert opinions of the authors into five moisture classes
(Supplemental Table 1, MI). If a compartment contains at
least three of these moisture classes in more than 1% of the
compartment area, a bonus of 0.5 was added to the habitat
provision index.
The final habitat provision index describes the significance of
the floodplain compartment for typical species and habitats in
five levels (importance for habitat provision; Table 5): 1 (very
low), 2 (low), 3 (moderate), 4 (high), and 5 (very high).
Case Studies
River Nahe
Status quo
The 125-km-long River Nahe is a tributary of the River
Rhine located in the Southwest of Germany (Figure 2A). The
catchment area covers ∼ 4,060 km2 and the river has a mean
discharge of 31.4 m3/s. In the river valley are three large
settlement areas (<50,000 inhabitants): Bad Kreuznach, Idar-
Oberstein, and Kirn. The case study area is located in the German
Federal State Rhineland-Palatinate with a flow length of 59 km
and a catchment area of ∼3,900 km². The upland with narrow
valleys is dominated by arable land use with a particular emphasis
on viticulture. Due to limited discharge and strongly fluctuating
discharge levels, the Nahe is not navigable (Lenz and Herzberg,
1996). Nevertheless, the original riverine landscape has been
altered by intensive farming, urbanization, and the river itself
by channelization.
The active floodplain covers an area of 14.9 km2, and the
former floodplain covers an area of 9.9 km2. The dominant land
use type of the floodplain area is pastures and meadows (39%).
About 24% of the case study area is arable land use and 30% is
urbanized. The active floodplain area consists of 25% arable land
use, 50% pastures, 22% settlements, and only 4% forest. The area
of settlements and arable land use is much larger in the former
floodplain than in the active floodplain (50% vs. 74%).
Scenario
To test the sensitivity of the index, it was also applied to a
restoration scenario for comparison with the status quo. The
restoration scenario consists of a water development corridor
suggested by the Agency for the Environment of Rhineland-
Palatinate. It is assumed that the associated area of the river is
available for restoration to allow the river to meander as much as
possible and bring the river and accompanying floodplain into a
good or very good ecological status. The extent of this corridor
(black area in Figure 2B) covers parts of the active floodplain
but also parts of the current former floodplain. In this scenario,
the new water and floodplain development corridor is treated
as active floodplain with the potential natural vegetation (pnv)
restored after (Koenzen, 2005) (Water = 16%, Wetland = 10%,
Forest= 72%, other areas= 2%). Areas with existing settlements
and important infrastructure areas are excluded when defining
the development corridor.
Hördter Rheinaue (River Rhine)
Status quo
The second study area (Hördter Rheinaue) is located in the
German Upper Rhine floodplain, also in the federal State
Rhineland-Palatinate (Figure 2A). The River Rhine is the most
heavily used and economically most important waterway in
Western Europe. It has a total length of 1,239 km, 880 km
of which are navigable (Becker et al., 2015). The size of the
catchment area is 185,000 km2. The Hördter Rheinaue is
situated on the left bank of the upper Rhine between Karlsruhe
and Mannheim/Ludwigshafen, where the mean discharge is
around 1270 m3/s. The retention area has been reduced by
dyke construction considerably, with 80 to 90% of the former
floodplains being lost in the southern Upper Rhine (Brunotte
et al., 2009).
The case study site is situated downstream from the last
Rhine weir in Iffezheim, so the continuity of the river is not
affected in the downstream direction. Nevertheless, two centuries
of intensive, large-scale engineering have heavily modified the
structure and dynamics of the surface waterbody as well as
the dynamics of the groundwater (Blackbourn, 2007). The river
course has been rectified, the banks have been fixed with riprap
and lateral branches have been cut off from the main river. The
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FIGURE 2 | (A) Map of federal states and rivers in Germany. The two case studies are localized by red boxes. (B) Case study River Nahe: floodplain compartments
active (light green) and former (orange) floodplain, river (blue), and area for the water development corridor (black striped area) of the scenario. River floodplain corridor
= the area potentially available for the restoration of rivers and its floodplains in order to bring them into a good or very good ecological status. Red dots indicate larger
towns. (C) Case study Hördther Rheinaue along the River Rhine: floodplain compartments active (light green) and former (orange) floodplain and river (blue). Dyke (red)
and polder area (light green area) of the scenario.
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TABLE 6 | Data sources used in calculating the habitat provision index.
Criteria Abb. Data source
Habitat type HT Biotope mapping by the federal
states, land use data
Groundwater dependence GD Finck et al. (2017)
Red List-status Germany RLG Finck et al. (2017)
Fauna-Flora-Habitat FFH Finck et al. (2017)
Legal protection LP Finck et al. (2017)
Regenerability RE Finck et al. (2017)
Floodplain characteristics FC Expert-based
Conservation status of
habitat types
CSHab Conservations status of habitat type
mapping at local scale
Characteristic features CF Project specific
Altered flooding regime FR Floodplain compartments provided by
the German Federal Agency for
Nature Conservation (Bundesamt für
Naturschutz, BfN); local data
Backwater influence
(backwater penalty)
BI Modified after Brunotte et al. (2009),
Scholz et al. (2012) and Koenzen
(unpublished)
Moisture integrity MI Expert-based classification
active floodplain in the case study covers an area of 3.7 km2, and
the former floodplain covers an area of 23.4 km2 (Figure 2C).
The dominant land use type of the case study floodplain area
is forest (40%). About 32% is arable land and 12% are pastures
and meadows.
Scenario
The restoration scenario is the construction of a polder with an
area of 860 ha (Figure 2C) in the former floodplain. The polder
was approved in the 2015 flood risk prevention management
plan of Rhineland-Palatinate. The polder is designed to buffer
extreme floods with a return period of 200 years-thus it is called
an extreme flood event polder. There are no controlled inlet
structures other than an overflow weir. So-called “ecological
flooding” is intended to minimize ecological damage to
unadapted natural habitat caused by rare usage of the polder.
These artificial floods are planned to occur at three different levels
and cover a maximum of 137 ha of the polder. In the polder area,
timber forest will be transformed into soft- and hardwood alluvial
forest. The polder area is therefore predominantly covered with
forests (59%); about 23% is arable land use and 5% are pastures
and meadows.
Data Input
The data needed for calculating the index for the River
Nahe/Rhineland Palatinate and Hördter Rheinaue (River Rhine)
are listed in Tables 6, 7. As the habitat mapping does not cover
the whole study area, the missing information was completed
using available land use data (land cover model LBM-DE, 2012).
Some data were not available and so were not included in the
calculation of the habitat index (e.g., CS, CSHab, and MI for the
River Nahe and CS and CSHab for the Hördter Rheinaue).
Sensitivity Assessment
Several parameters and classifications that were defined using
expert knowledge were validated by testing the performance
of the index for each active and former compartment against
independent spatial data that are approved proxies for ranking
biodiversity values (e.g., area of Natura2000/protected areas
and floodplain characteristics; cover of wetland/protected areas
Scholz et al., 2012). First, the habitat index was calculated for the
current condition (status quo) of each river floodplain. Second,
the index was applied to the management scenario and compared
to the values of the status quo for each of the case studies.
Statistical Analyses
The relationship between the criteria integrated in the calculation
for the habitat type value (GD, RLG, FFH, LP, RE, and
FS) was analyzed using Spearman’s rank correlations for all
occurring habitat types. Differences among Natura2000 or
wetland/protected areas percentage per 1-km segment across
the habitat index classes were tested using a non-parametric
Kruskal–Wallis test followed by Dunn’s test (post hoc test) for
comparison between groups. Replicates below 3 per class were
not included in the analysis. To test for differences between
the status quo and restoration scenario, a Mann–Whitney
U-test was calculated, because assumptions for parametric
testing were not met. Statistical analyses were performed using
the statistical software R 3.5.1 (R Development Core Team,
http://www.R-project.org).
RESULTS
Habitat Type Value Validation
For the habitat type value, all classes were represented [class 1 (n
= 6), class 2 (n= 16), class 3 (n= 28), class 4 (n= 21), and class
5 (n= 15)].
All criteria were highly correlated with the habitat type values
(Table 8). Red list status, legal protection status, “Fauna-Flora-
Habitat,” and floodplain specificity were positively correlated
with each other (rho between 0.5 and 0.7). Regenerability did not
correlate to legal protection status and groundwater dependence,
but correlated with Red List status and “Fauna-Flora-Habitat.”
Groundwater dependency did not correlate with the other
criteria except with “Fauna-Flora-Habitat.”
Status Quo
River Nahe
In general, the status quo of the floodplain of the River Nahe
showed a low level of habitat provision, with low spatial
heterogeneity. More than 44% of the compartments were
allocated to the lowest habitat provision class (class 1), mainly in
the wide former floodplain between Bingen and Bad Kreuznach.
No compartments were assigned to the higher classes 4 and 5
(Figure 3A). A comparison of the habitat provision index of
the active floodplain and the former floodplain areas showed
that, on average, the habitat provision index is higher in the
active floodplain (mean: 2.3 vs. 1.3). The differentiation between
active and former floodplain is particularly visible between Bad
Kreuznach and Bingen (Figure 3A).
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TABLE 7 | Overview of applied spatial data for the habitat provision index and their sources for the River Nahe and Hördther Rheinaue (River Rhine).
Criteria Data Source
River Nahe
Habitat type Digital land cover model for
Germany (DLM-DE)
Federal Agency for Cartography and Geodesy [Bundesamt für Kartographie und Geodäsie,
BKG]
Habitat type River Habitat Survey (RHS) State Agency for Nature Conservation Rhineland-Palatinate (2016)
Hördter Rheinaue
Habitat type Regional planning
procedure (regionales
Raumordnungsverfahren)
Spang. Fischer. Natzschka. GmbH (2008): Einbeziehung der Hördter Rheinaue als
Reserveraum für Extremhochwasser in das Hochwasserschutzkonzept des Landes
Rheinland-Pfalz. Faunistische und vegetationskundliche Bestandserfassungen. Auftraggeber:
SGD Süd, Neustadt a. d. Weinstraße. Walldorf. 314S.
Habitat type Digital land cover model for
Germany (LBM-DE, 2012)
Federal Agency for Cartography and Geodesy [Bundesamt für Kartographie und Geodäsie,
BKG]
Altered flooding regime Regional planning
procedure (regionales
Raumordnungsverfahren)
Institut für Umweltstudien-IUS Weibel and Ness GmbH (2010): “Abschlussbericht zur
Steuerungsgruppe Ökologische Flutungen im geplanten Reserveraum für Extremhochwasser
in der Hördter Rheinniederung”
TABLE 8 | Spearman rank correlation coefficients between criteria selected in
step one for calculating the habitat index [Red List status Germany (RLG),
“Fauna-Flora-Habitat” (FFH), legal protection status (LP), regenerability (RE),
Groundwater dependence (GD), floodplain specific habitats (FS), and habitat
provision index (Index)].
RLG FFH LP RE GD FS Index
RLG 1.0 0.57*** 0.70*** 0.35** 0.18 0.57*** 0.79***
FFH 1.0 0.53*** 0.35** 0.26* 0.50*** 0.78***
LP 1.0 0.23 0.20 0.59*** 0.76***
RE 1.0 0.07 −0.01 0.40***
GD 1.0 0.49*** 0.53***
FC 1.0 0.76***
Stars indicate the significance level (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001).
Hördter Rheinaue
The status quo showed a mix of four different classes with
low spatial heterogeneity (Figure 4A). In general, the habitat
provision index was higher in the active floodplain compared
to the former floodplain (mean: 3.3 vs. 1.9). No segment was
assigned to the class 5, but class 4 occurred only in the active
floodplain. The habitat provision value was lower in the former
floodplain compared to the active floodplain. The forest areas in
the northern parts of the study area have higher habitat provision
index by one to two classes, even in the former floodplain.
Sensitivity Assessment
Validation With Other Biodiversity Values
The habitat provision index classes calculated for the River
Nahe and Hördther Rheinaue (River Rhine) provided reasonably
accurate proxies both for biodiversity (as percentage of
Natura2000 areas) and for ecological intact floodplains (as
percentage of wetland/protected area) (Figure 5). The only two
compartments in the Hördther Rheinaue assessed as class 4 were
not included in the analysis. The percentage of Natura2000 and
wetland/protected areas were significantly different among the
habitat index classes (Kruskal–Wallis test, Natura2000: χ² =
112.1, df = 62, P ≤ 0.001; wetland/protected areas: χ² = 71.4, df
= 48, P = 0.015) with higher values supported at higher habitat
provision index values.
Scenarios
Habitat provision of the River Nahe was improved in the
restoration scenario by one (37%) and two classes (43%) in
the active floodplain (mean, status quo: 2.3, restoration: 3.6, U-
test: W: 2436, P ≤ 0.001, Figures 3A,B). The extent of active
floodplain expanded from 14.9 to 16.8 km² (13%). The best values
were obtained predominantly in the area between Bad Kreuznach
and Bingen (classes 4 and 5 by 49% of all active floodplain
compartments). Due to the presence of settlement in 22% of
the active floodplain area, a large area shows no improvement.
The devaluation of few former floodplain areas is due to the
higher proportion of arable land in the reduced area of the former
floodplain in the scenario (Figure 3B).
In the polder scenario of the Hördter Rheinaue, the habitat
provision was improved by one class within the polder area
due to land use changes. Areas that benefit from more frequent
ecological flooding (5 year flooding probability) are assigned with
a flooding bonus of 0.25, which increased the habitat provision
index. The devaluation of the northern former floodplain areas
(red) is due to the higher proportion of arable land in the reduced
section of the former floodplain in the scenario (Figure 4B).
DISCUSSION
Habitat Index
The habitat index was developed to provide a rigorous, cost-
effective approach to assess the condition of biodiversity by
linking habitat types to biotic and abiotic parameters in
floodplains. The approach enables areas with high or low
habitat provisioning values to be identified for incorporation into
decision-making processes. The common framework of the RESI
(index value from 1 to 5, same size of compartments/assessment
area) allows one to compare the habitat index with all other
equally evaluated ESSs and decision makers can objectively
compare different scenarios or measures. The results presented
here show that the index for assessing habitat provision is
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FIGURE 3 | Assessment of the ecosystem service habitat provision according to the developed index showing (A) the status quo and (B) restoration scenario of the
River Nahe separated into active and former floodplain compartments (see Figure 1B). Habitat provision index classes: 1, very low; 2, low; 3, medium; 4, high; 5,
very high.
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FIGURE 4 | Assessment of the ecosystem service habitat provision according to the developed index showing (A) status quo and (B) polder scenario at the Hördter
Rheinaue (River Rhine) separated into active and former floodplain compartments (see Figure 1C). Habitat provision index classes: 1, very low; 2, low; 3, medium;
4, high; 5, very high.
appropriate to carry out assessments when detailed habitat data
are publicly available and that changes through anthropogenic
activities can be mapped. The advantages of the five-point
assessment scale are the standardization of the assessment
method, the broad applicability of the results, and the
comparability of the data. However, the index cannot reflect
all changes. Small-scale measures such as channel connections
cannot be captured with the habitat provision index, as the
index refers to 1-km floodplain segments. The index provides a
new approach for habitat provision assessment on a higher than
regional level, which can be modified for use in other regions and
for different management scenarios.
Habitat types are particularly suitable for this purpose
because they are easily to record and map biotic and abiotic
functional processes as well as landscape and anthropogenic
impact characteristics (Ssymank et al., 1993; Wiegleb et al.,
2002). An advantage of our habitat provision index is that it
can map the quality and characteristics of the habitats adapted
to floodplain areas. Groundwater dependency and regenerability
were not highly correlated to the other criteria and therefore
are very important additional parameters for the evaluation.
Prior studies noted that groundwater dependency (Boulton
and Hancock, 2006; Eamus et al., 2016; Finck et al., 2017;
Ahlmer et al., 2018) and regenerability (Rood et al., 2005;
Shang and Mao, 2010) in particular play an important role
for floodplain ecosystems and are basic criteria for nature
conservation environmental planning. In addition to these, the
new criterion “floodplain specific value” can weigh the habitat
type value according to specific prioritized floodplain habitats.
The variety of applied criteria is justified as all habitat type levels
from 1 to 5 were assigned in reasonable degrees. Due to the
high correlation between the criteria at the habitat type level in
the first step of the habitat provision index, we tend to assign
higher value to the protection parameters on the basis of nature
conservation, rather than to the other criteria. However, the
high priority is justified because the main objective is to fulfill
the legal mandate of protection. The habitat type values are
evenly distributed, and by adding additional bonus or penalty
values, it is possible to obtain all classes from low (1) to very
high (5).
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FIGURE 5 | Box and whisker plots of available proxies of high value floodplain
habitats for the status quo for the habitat provision index classes (1 to 3) for
the River Nahe and Hördter Rheinaue (River Rhine); boxplots showing median,
range, and interquartile range of proxies (Natura2000 areas and
wetland/protected area in %). (A) Percentage of biodiversity Natura2000 areas
as an indicator for biodiversity, and (B) Percentage of wetland/protected area
as an indicator of ecological intact floodplains. The only two values from the
habitat provision class 4 of the Hördter Rheinaue were not included in the
analysis. Superscript letters indicate significant differences among the habitat
provision index classes (Dunn’s test, p < 0.05).
On the second (specific habitat) level, the major components
are the quality and functioning of specific delineated floodplain
areas, and it is possible to upgrade or modify the index if more
information is available. Using bonus or penalties offers the
possibility to include qualitative components in the evaluation.
Characteristic species such as faunistic and floristic information
(e.g., occurrence of protected bird species, plants ormolluscs) can
be included in the evaluation as a bonus if the data are available
for the whole area. Similarly, the bonus of flooding frequency for
the altered flooding regime parameter can be included depending
on available data and the actual flooding regime, which can
vary from near natural (restricted, but frequently flooded) to
polder (only inundated during extreme floods). This option
can currently only be used in a limited way (maximum total
value in step 2 is +2), because the habitat provision index is
limited to five classes. However, at this step, the habitat provision
index for floodplains could be extended or modified by the
user according to available data. The use of additional features
requires an adjustment of the size of the bonus or penalty
to obtain a useful result. The ability to up- and downgrade
abiotic and biotic parameters even when only qualitative data
are available depending on particular conservation needs is an
important feature for environmental management, and is also
easily applicable for scenario evaluation when these data have to
be assumed. In case no habitat type mappings are available, it is
possible to calculate the index by using land use data as a proxy.
However, assessments of habitat provision can still be obtained,
e.g., on a nationwide scale (Scholz et al., 2012).
An advantage of using bonuses and penalties in the valuation
for site-specific observations and flood adapted criteria such as
“floodplains specific habitats” and “moisture integrity” is that
local floodplain situation can be better integrated. However, since
these criteria are based on expert knowledge, this could introduce
a major source of uncertainty that could influence the outcome
of the assessment. For this reason, the general selection of the
criteria (flooding regime, occurrence of significant species) was
based on existing literature in addition to expert knowledge
(Banning, 1998; Foeckler et al., 2000; Aguiar et al., 2009; Scholz
et al., 2009; Stammel et al., 2012). The exception to this was the
graduation of the bonus (e.g., the effect of ecological flooding),
for which there is no recommendation in the literature. The only
way to include it in the index is expert knowledge. Indeed, expert-
based assessments are strongly influenced by the experience
and knowledge of the experts and must therefore be carefully
validated. On the other hand, this method offers the opportunity
to include more of the regional pressures and characteristics
(impoundment, different grades of flood intensity), which have
significant effects on the provision of habitats typical for
floodplains (Tockner et al., 2010; Schindler et al., 2014; Funk
et al., 2017). To determine the extent to which the results are
acceptable as description of the data, the validation to biodiversity
data and the sensitivity to different scenarios were applied. The
evaluation of the index shows plausible results, indicating that
including the parameters was reasonable. Without the penalties
of altered flood regime and backwater influence, the significant
difference between former and active floodplain along both rivers
would not have been identified. The penalties, identified as
important by experts, are an essential component necessary to
acknowledge the negative effects of altered flood frequency and
distinguish between the scenarios.
The habitat index allows a first assessment of species
and habitat diversity, which are specific for floodplains on
a proxy base. Floodplains are complex and dynamic systems
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with ever-changing abiotic and biotic conditions influenced
by the river specific discharge (Ward et al., 1999; Tockner
and Stanford, 2002). Therefore, every floodplain is different.
Numerous habitat types such as hardwood floodplain forest or
oxbow lakes are highly valued. Statements about the ecological
status of a floodplain can be made with reference to the
occurrence and frequency of such floodplain typical habitats.
The fact that the high biodiversity in intact floodplains results
from the wide variety of moisture classes from very wet to
very dry (Ward et al., 1999) is additionally evaluated by the
moisture integrity in step 3, which can upgrade the evaluation
of step 2. The habitat index helps to identify areas that are
of particular importance for conservation goals. With several
changes and if necessary extensions, such as the addition of
more habitats, it would be also applicable to other regions of
the world.
Status Quo
The low habitat values indicate that the River Nahe and the
study site Hördter Rheinaue (River Rhine) are not in a favorable
condition for floodplain habitats and species due to heavily
changed conditions in arable, traffic, and settlement areas. These
extensive anthropogenic changes have resulted in a status quo
that is far from any natural condition (Ellwanger et al., 2012;
Scholz et al., 2012; Schneider et al., 2018). The compartments
are of predominantly “very low” to “low” significance for typical
species and habitats of floodplains. Despite the low values, the
assessment of the floodplains shows clear difference between
active and former floodplain, resulting in higher values for the
active floodplain (Figures 3A, 4A).
Sensitivity Assessment
Validation With Other Biodiversity Values
The habitat provision index for the floodplain of both rivers at
status quo provides a good representation of the habitat quality
that correlates with the cover of Natura2000 sites and wetland
areas in the assessed floodplain area, although only the three
lowest of the five classes were applicable to the current condition.
Several studies have shown that species diversity and Natura2000
area positively correlated (Kallimanis et al., 2008; Maes et al.,
2012; Votsi et al., 2013). For high and very high classes (classes
4 and 5), no statement is possible because these classes were
not represented in a reasonable amount in both rivers under
the status quo. Unfortunately, it was not possible to validate the
index against observations of species richness, as such data are
not available.
Scenarios
The restoration scenario for the River Nahe showed an
improvement of the habitat provision index mediated through
the conversion of intensively used agricultural areas into
floodplain habitats. The improvement of the habitat provision
was higher between Bad Kreuznach and Bingen compared
to Bad Kreuznach and Kirn, because here the area for land
use change was larger and covers the whole active floodplain
(Figure 3B). However, “very low” and “low” values remain in
areas with settlements, traffic, and impoundment. Higher habitat
values, especially in smaller floodplain areas, could possibly
be achieved in another scenario in which the remaining dikes
(backwater influence) would be removed. The large loss of
active floodplains illustrates the urgent need to restore degraded
floodplains back toward more natural conditions and sustain
them in the long term. However, while the restoration scenario
showed improvements in habitat provision, implementation
remains difficult.
The polder scenario for the River Rhine also showed an
improvement in habitat provision due to the transformation
of timber forest into high value soft- and hardwood alluvial
forest within the ecological flooding areas. Compared to the
restoration scenario for the River Nahe, habitat provision values
4 and 5 were not reached in the polder area. A possible
explanation for this is that the polder due to its intended
underuse is defined as belonging to the former floodplain and
therefore it receives the polder penalty. Furthermore, intensive
agricultural land use is not changed into floodplain-specific
habitats. The five class assessment provides a generalizable
habitat assessment to be made, enabling comparisons to be
made across assessments, as illustrated by the RESI project.
The development of the habitat provision index forms the
basis of ongoing national and international research projects,
and on management decisions. Floodplains are important
flood retention areas as well as biodiversity hotspots (Secchi
et al., 2012; Schindler et al., 2016). The index is therefore
an essential tool for their ongoing management, simplifying
the assessment of the ESS habitat provision in managed and
protected floodplain areas and enabling the effects of planned
or implemented restoration measures or future scenarios to
be evaluated.
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